Abstract: Ag doped-bioactive phosphate glasses were processed by traditional melt quenching technique with the concentration of Ag 2 O ranging from 0 to 5 mol%. The Ag doping led to the depolymerization of the phosphate network which is accompanied by a decrease in the glass transition temperature. The processing window represented by ∆T (∆T=Tx-Tg) exhibited a maximum for glasses containing 2-3 mol% of Ag 2 O. An increase in Ag content induced an increase in the glass dissolution rate. The precipitation of a Sr-CaP layer at the surface of the glass particulates was found to occur at shorter immersion time for the Ag containing glasses. The congruent dissolution and wide processing window of these Ag containing glasses may be of great interest for scaffold manufacturing from sintering of glass powders with antimicrobial properties.
Introduction
Since the discovery of the bioactive glass 45S5 (Bioglass ) by L.L. Hench [1] and S53P4 by Andersson et al. [2] , much work has focused on tailoring the silicate bioactive glass composition to enable fiber drawing or powder sintering [3] [4] [5] . Studies show that typical silicate bioactive glasses have a crystallization kinetics that not only inhibits shaping at medium to high temperature but also reduce the glass's bioactivity [3, 6] .
Phosphate bioactive glasses (PBGs) arise as a potential substitute to the typical silicate glasses. The chemical resistance of phosphate glasses can be tailored to suit different applications. The time required for complete degradation can be adjusted from hours to years [7] . PBG demonstrate bioactivity and are promising materials for use in bone repair and reconstruction [8] . Furthermore PBG are known to possess thermal properties showing wider processing window as evidenced by the large number of bioactive phosphate fibers studied in the past years [9, 10] .
Glasses within the 50P 2 O 5 -10Na 2 O-(40-x)CaO-xSrO composition exhibited a minimum in the dissolution when half of the CaO was replaced with SrO [11] . It was found that the dissolution rate is dependent on the glass structure and a reduction in the phosphate chain length leads to an increase in the chemical resistance. Furthermore, the proliferation and growth of gingival fibroblasts cells increased with increasing the SrO content. Whereas the SrO-free glass led to cell death within 24h, the CaO-free glass showed a cell count similar to the one measured at the surface of the glass S53P4 used as reference [12] . This is partially attributed to the decrease in initial dissolution rate when SrO is introduced in place of CaO in the glass. The effect of strontium ions both in the media and in the reactive layer also play an important role as discussed in [12] . However, despite those promising results, these metaphosphate glasses present a rapid initial dissolution rate and late precipitation of a reactive layer disabling the cells to efficiently attach for the first 1-3 days of culture [12] . This is in agreement with Salih et al. who showed that fast dissolving glasses did not allow for proper cell proliferation [13] .
Metal ions such as Silver (Ag), Copper (Cu) or Cobalt (Co) just to cite a few can be added to glasses in order to give them unique properties or modify the existing physical or chemical properties for clinical applications. These ions are known to exhibit antimicrobial properties for example [14] [15] [16] . Ag is a popular choice as a dopant for several biomedical devices owing to its low toxicity to human cells and effectiveness against many types of microbial growth, even at low concentrations [17] . Ag ions in the form of nitrate, oxide are commonly found in several healthcare products, for e.g., Ag coated catheters, wound dressing for example [17] . Ag based ointments have long been used to treat wounds susceptible to bacterial infections [18] . When PBGs are doped with Ag, the metal atoms are assumed to be incorporated in the structure [19] . . The structure and properties of the silver-doped glasses were also studied by the authors [20] .
More recently, the investigation of silver-doped phosphate glasses with antimicrobial properties were also investigated for glasses with 65 and 70 mol% of P 2 O 5 [21] . In this study an increase in the antimicrobial effect was seen with increasing the Ag content while similar effect was found on Ag-free glasses when increasing the phosphate content. However, in these studies, the phosphate content was 50 mol% or greater. The fast dissolution rate of glass in the P 2 O 5 -CaO-Na 2 O family, with P 2 O 5 content greater that 50 mol%, was found to inhibit growth and bone antigen expression. On the other hand the glasses with slow solubility upregulated the proliferation of cells [13] . Based on the previous research on Sr-containing bioactive glasses it appears that despite a P 2 O 5 content of 50% gingival fibroblast cells can attach and proliferate [12] . Thus it is of tremendous interest to study the impact of Ag doping on this glass composition and assess whether antimicrobial Ag-doped strontium containing phosphate glasses can be obtained.
In this paper we report on the effect of Ag doping on the thermal, structural and in-vitro dissolution properties of the phosphate bioactive glass previously studied in [12] . Ag 2 O was introduced relative to the entire base glass as opposed to the typical isomorphic substitution. The reason for such doping was to maintain the same (Ca+Sr)/P ratio in the glass while lowering the phosphate content. The thermal properties as a function of Ag content were measured using a differential thermal analyzer (DTA). The structure was assessed by Fourier transformed infrared spectroscopy in attenuated total reflectance mode (FTIR-ATR). The dissolution test was performed in TRIS buffer solution in order to confirm the congruent dissolution of investigated glasses. The formation of a CaP layer at the surface of the glasses upon immersion in TRIS was evidenced by SEM/EDS and FTIR-ATR. Finally the ions released in solution were quantified using ion chromatography and ICP. and annealed during one hour to lower the internal stress. Finally, the furnace was turned off and the glass cooled to room temperature before removal. After melting, the glasses were analyzed with EDS and the composition was found to be in agreement with the nominal one, within the accuracy of the measurement (1.5 wt%). Despite the melting in silica crucible and the addition of Na 2 SO 4 , no Si or S were found in the analysis.
Materials and Methods

Glass preparation
Physical properties
The density of the glasses was measured using Archimedes principle with an accuracy of ±0.02 g/cm 3 .
Ethanol was used as immersion liquid and the measurement was performed on a polished glass bulk. Molar volume of the glasses was calculated using their density and molecular weight. Young's modulus (E) was measured by the ultrasonic velocity technique. This technique is based on time-of-flight measurements using the pulse-echo technique [22] with ±2 GPa as the accuracy value. Vickers microhardness (Hv) was measured by the indentation technique using a Matsuzawa Digital Microhardness Tester MXT 70 with a pyramid shaped diamond indenter. A load of 0.4905 N was applied for 5 s for all the measurements which were performed at room temperature on polished surfaces. The displacement rate was the same on loading and unloading. All the characteristics were averaged over measurements on 10 indentations per sample. The accuracy is considered as better than ±0.2 GPa.
Thermal properties
Differential Thermal Analysis (DTA, Netzch JUPITER F1) of all the glasses was carried out at a heating rate of 10 ∘ C/min, in a Pt crucible and with a flow of 50 ml/min of N 2 .
The Tg (glass transition temperature), Tx (crystallization temperature) and Tp (crystallization temperature) were assessed from the obtained thermogram. Tg was determined as the inflection point of the endotherm obtained by taking first derivative of the DTA curve with an accuracy of 2 ∘ C.
The Tx was taken as the onset of the crystallization peak and Tp as the maxima of the exotherm. All measurements were obtained with an accuracy better than ±3 ∘ C
Structural Properties
The IR absorption spectra for all glass powders before and after immersion in TRIS were recorded with Perkin Elmer Spectrum One FTIR Spectrophotometer in Attenuated Total Reflectance (ATR) mode. All spectra were recorded in the range 600-1600 cm −1 , corrected for Fresnel losses and were normalized to the band with maximum intensity. Each spectrum is an average of 8 scans and has a resolution of 1 cm −1 .
Optical Properties
The UV-Vis absorption spectra for all the glasses were recorded in the range 200-1600 nm at room temperature using a UV-3600 Plus UV-VIS-NIR Spectrophotometer Shimadzu. The glass samples used for this measurement were 2 mm thick and optically polished.
In-vitro dissolution
The glasses were crushed and sieved to obtain powder with size ranging from 125 to 200 µm. These particles were immersed in TRIS buffer solution and placed in an incubating shaker HT Infors Multitron at 37 ∘ C, 100 rpm to obtain laminar flow mixing without moving the particles. The mass to volume ratio was kept constant at 75 mg of glass for 50 ml TRIS. Immersion test was conducted for up to 4 weeks. The pH of the solution was measured before and after immersion using pH ion analyzer Mettler Toledo SevenMultimeter with accuracy better than ±0.02. The pH of the solutions containing glass was compared to a TRIS blank sample. The pH of the blank solution was found to remain unchanged throughout the testing period. Post immersion, the glass powder was recovered, washed with acetone and dried for FTIR-ATR and SEM-EDS analysis. 10 ml of the TRIS solution containing glassy powder was diluted in 90ml of ultra-pure water for ICP-OES measurement Inductively coupled plasma -Optical emission spectrometer (ICP-OES; Optima 5300DV, Perkin Elmer) was employed to quantify the amount of P, Sr, Ca and Na ions found in the TRIS solution after glass immersion. The value obtained for each ions was compared to the value obtained for the blank samples (only TRIS). The TRIS samples used as blanks were analyzed to ensure that the concentration of P, Ca, Sr and Na was consistently 0, or under the detection limit, as no such ions should be present in TRIS buffer solutions.
Imaging and elementary analysis
Scanning electron microscopy (SEM), using a JEOL JSM 7100F apparatus, was used for high-resolution imaging of the sample surfaces (Pressure: 10 −4 Pa, accelerator voltage: 20 kV). Energy Dispersive X-Ray Spectroscopy (EDS) was used as the chemical microanalysis technique used in conjunction with SEM. The associated detector (EDS SDD X-Max 80mm2 Oxford Instruments AZtecEnergy) allows one to identify what particular elements are and their relative atomic proportions. This powerful tool of the elemen- tal analysis can identify elements heavier than Be with a spatial resolution better than 1 µm 3 , corresponding to a smallest spot size of about 1 µm 2 , and the accuracy is ±1%
for polished bulk target in this case where pure standards are collected on site.
Results
The glasses of investigation with composition [(Ag 2 O)x-(0.5P 2 O 5 · 0.2CaO·0.2SrO·0.1Na 2 O) 100−x ] where x = 0, 1, 2, 3 and 5 mol% were analyzed using EDS/SEM. All the compositions were found to be in agreement with the nominal one within the accuracy of the measurement. As already mentioned in the previous section, we assume that no Si was found despite using a silica crucible. Nevertheless, the Sr L α1 EDX peak located at 1806 keV can mask the Si K peak at 1740 keV, however the low melting temperature (1000 ∘ C) and the short fining time used for the glass synthesis, allows to prevent the silica dissolution in phosphate melts, as stated in previous studies conducted on phosphate glasses which do not contain Sr and for which, the chemical compositions were checked by EDS [23, 24] . Figure 1 presents the density (ρ) and molar volume (Vm) of the investigated glass as a function of Ag 2 O content. With an increase in Ag 2 O, the density increases while the molar volume remains constant, within the accuracy of the measurements.
The thermal properties of the investigated glasses are reported in Table 2 and the DTA traces are shown in Figure 2 . With an increase in Ag 2 O, the glass transition temperature Tg decreases whereas Tx and Tp exhibit a maximum for the glass with x = 2 mol%. ∆T (∆T=Tx-Tg), which is a gauge of glass's resistance to crystallization, is also found to present a maximum for glasses with x = 2 and 3 mol%. It is interesting to note that the glass with x = 1 mol% possesses a sharper crystallization peak as compared to the other glasses under investigation. In addition, the Young's modulus and the Vickers microhardness were determined for all the glass samples. These values, summarized in Table 2 , which do not exhibit any difference, when considering the accuracy of the measurements, are 55 GPa and 2.2 GPa for the Young's modulus and for the Vickers microhardness, respectively. The glass's structural properties were assessed using FTIR-ATR and Raman spectroscopy. The IR spectra of the glasses are shown in Figure 3a . All spectra were normalized to the band located are all found to increase in intensity as compared to the band at 1175 cm −1 .
Glass powder of each composition was immersed in TRIS solution for up to 672 hours. After 0, 24, 72, 168, 336 and 672h of immersion, the particles were rinsed and dried for analyses using FTIR-ATR and EDS/SEM. The solution was diluted ten times for ion concentration analysis using ICP-OES.
At each immersion time, the pH of the solution was measured and the change in pH (as compared to the pH of the blank TRIS solution) is presented in Figure 4 . As the immersion time increases, the pH of the solutions containing the newly prepared glasses decreased. One can notice that an increase in Ag 2 O leads to a stronger decrease in the solution pH.
The ion concentration in solution was quantified using ICP-OES. The evolution over time of the Ca, Sr, Na, and P concentrations is presented in Figure 5a , b, c and d, respectively. With an increase of the immersion time, an increase in the Ca, Sr, Na and P concentration is seen. The release of ions is greater with an increase in Ag 2 O. This increase is seen despite the decrease in these ions in the base glass (Table 1) , due to the Ag doping.
The FTIR-ATR spectra of the glasses with silver content x = 0 a), x = 1 b), x = 3 c) x = 5 d) as a function of immersion time are presented in Figure 6 . For immersion up to 72 h, no significant changes could be seen in the FTIR-ATR spectra of all investigated glasses. With an increase in immersion time, all glasses exhibit a decrease in intensity and shift to lower wavenumber of the bands located at 1260 and 775 cm −1 . The main band, at 890 cm −1 , is also found to shift to lower wavenumber. The band at 1085 cm −1 , is found to decrease in the glass with x = 0, whereas, for all Ag-containing samples the band decrease in intensity for immersion up to 336 h and then increases in intensity and shift to higher wavenumber for longer immersion time. All spectra for the Ag-containing glasses exhibit the appearance of new bands at 988 and 1030 cm −1 . Comparison of the spectra for all glasses when immersed for 672 h is presented in Figure 6e . It is clearly seen that the rise of the peak at 1150 and the intensity of the new bands at 988 and 1030 cm −1 are higher with increasing Ag 2 O.
The SEM images of the glasses with x = 0 after 672 h of immersion and of the glasses with x = 3 and 5 mol% after 336 h of immersion are presented in Figure 7a , 7b and 7c, respectively. At 168 h, no change in the glass surface composition could be evidenced by EDS analysis. After 672 h of immersion, no layer could be seen (or only sparsely) at the surface of the glass with x = 0, while a reactive layer could be seen at the surface of the Ag-containing glasses already after 336h of immersion. We noticed that its thickness grew thicker with increasing the immersion time. From SEM images the layer grew up to 5 µm for the glass with 5 mol% Ag 2 O. EDS analysis revealed that this layer was rich in Ca and P and contained a significant amount of Sr. It appear clear that the layer thickness increases with increasing Ag 2 O, whereas the layer composition was identical at the surface of all materials
Discussion
The aim of this research is to better understand the impact of Ag doping on the thermal, structural and dissolution of a phosphate bioactive glass.
Doping the glass Sr-50, which was found in the past to be a promising bioactive glass [11, 12] , with Ag led to an increase in the density. This was expected as Ag has a larger mass than all the other elements present in the glass composition. However, the addition of Ag does not significantly change the molar volume indicating that the Ag acts as a monovalent cation in the phosphate vitreous network with a similar ionic radius and similar positions than the other modifiers in the network. However the redox activity of a glass melt is definitely a function of the composition and, at first sight, it is generally found that increasing basicity favors the upper oxidation state for most redox couples [25] . Compared to silicon oxide, phosphorus pentoxide is characterized by a lower value of the optical basicity, 0.45 and 0.33, respectively [26] . Furthermore, to confirm that the use of Na 2 SO 4 prevents formation of Ag nanoparticles, the UV-Vis spectra of the glasses were recorded and are presented in Figure 8 . The absence of absorption band in the visible which could be a characteristic of the presence of Ag nanoparticles confirms that all the Ag is present as positively charged ions in the glasses under investigation. This is of particular interest since Ag + ions have been found to possess antimicrobial properties [19, 27] . The thermal properties of these glasses were recorded. With an increase in Ag 2 O, the Tg decreases whereas Tx, Tp and ∆T show a maximum for the glasses with 2 and 3 mol% of Ag 2 O. More interestingly the crystallization peak of the glass containing 1 mol% of Ag 2 O was narrower than that of the other glasses (Fig. 2) . This can be attributed to the change in crystallization mechanism of the glass induced by the occurring of a small amount of silver particle during the reheating of the glass. It is well known that Ag can be used in glass as nucleating agent [28] . It is also rather common to see Ag 0 formation upon heat treatment in glassy thin films or bulk [29, 30] . The decrease in Tg when Ag 2 O increases may be explained by the lower cationic field strength value (Z/r 2 ) of silver (0.6) when compared to the others modifiers cations, namely sodium (1.06), strontium (1.56) and calcium (2.04), the coordination number being considered as 6 for the calculation. Contrary to the glass transition temperature which is strongly dependent of the cationic strength, it has been demonstrated that the mechanical properties clearly depend on physical quantities related to the compactness or the energy of cohesion of the vitreous network, such as those defined in [31] . The steadiness of the molar volume, whatever the silver oxide content, leads to the same compactness and of the microhardness values. Regarding the Young's modulus, its variation, as a function of the glass composition, can be estimated with a good approximation from the following relation:
where G i and C i are the dissociation energy per unit volume and the compacity factor of the oxyde i with the molar content x i , respectively. Details for the calculation of these physical quantities are given in [31] . Using thermodynamic data from [32] , the calculation gives almost 56 GPa for both the parent glass and the one with the highest silver oxide content. As a consequence, a small amount of Ag 2 O doesn't modify the mechanical properties of the parent glass. All the absorption bands in the FTIR-ATR spectra (Fig. 3a) can be attributed to the phosphate glass network. The main band at~880 cm −1 is attributed to P-O-P asymmetric stretching of bridging oxygen in Q 2 units (νas P units, respectively [34] [35] [36] . The band at 1085 cm −1 can be attributed to an overlap between PO 3 Q 1 terminal group and PO 2 Q 2 groups in metaphosphate [37] . The shoulder at 1154 cm −1 and the absorption band at 1260 cm −1 correspond to symmetric and asymmetric vibration of PO − 2 in Q 2 units, respectively [34] [35] [36] . The absorption 3 band located at 718 and 775 cm −1 are characteristic of P-O-P symmetric stretching vibration in metaphosphate structure [38] .
Only little change could be seen in the FTIR-ATR spectra when Ag 2 O increases. The decrease in the absorption band located at 1260 cm −1 indicates a decrease in the network connectivity and an increasing amount of Q 1 units. This is further confirmed from the analysis of the Raman spectra of the glasses (Fig. 3b) (Fig. 8) . The increase in the intensity of the shoulder at 1090 cm −1 along with the shift of the optical band gap indicates an increasing number of non-bridging terminal oxygens [42] . This is expected as the overall phosphate content decreases at the expense of the glass modifier elements [43] . Furthermore the small shoulder at 1320 cm −1 related to P=O remains unchanged indicating that the amount of Q 3 is similar in all investigated samples. A summary of the band attribution can be found in Table 3 .
Typically an increase in Q 1 units leads to an increase in the glass chemical durability [7, 44] . However, in the studied glasses this seems not to be the case. As shown in Fig. 4 , it is clear that the decrease in the solution pH is steeper with an increase in the Ag content. Furthermore, the ICP-OES results show that with increasing the immersion time, the Ca, Na, Sr and P are being released in solution. The increased dissolution rate with increasing Ag content is clearly seen from the higher content of each element in the solution. Except for Na, all the curves present a parabolic shape. It seems that the element release follows a t 1/2 law which is typical for a diffusion controlled process. However, the parabolic shape of the ion release could also come from the saturation of the solution with those ions leading to the precipitation of a reactive layer. The final Na concentration appears to be high, compared to the amount of the other ions, if a congruent dissolution is assumed [7] . Typically Na is the first element to leach out in solution upon dissolution of phosphate glasses. Furthermore, no Na is usually found in the reactive layer precipi- tating at the surface of bioactive glasses [11] . The Ag content was not quantified by ICP as the noise to signal ratio was too high to draw any clear conclusion.
The FTIR-ATR spectrum of the glasses was recorded at each immersion time point. From Fig. 6a , it is clear that at 168 h of immersion, structural modification occurs at the surface of the glasses. All glasses present a disruption of the Q 2 units with a subsequent increase of the Q 1 units.
This is attributed to the first phase of phosphate bioactive glass reaction in physiological medium [7, 11] . The shift to lower wavenumber of the bands attributed to Q 2 units also confirms a weakening of the bonds strength for these structural units. The phosphate chains breakage is found to proceed up to the longest immersion time. In a first time, as explained by Bunker et al., it appears that the glass dissolution is controlled by the rate at which the water diffuses at the surface of the glass. Once a full phosphate chain is surrounded by OH group it is released in solution [7] . This explains that ICP results reveal a perfect match between the ions released in solution and the ion concentration of the parent glass (congruent dissolution). At longer immersion time P-O-P bond breakage occurs as seen by the change in Q 2 to Q 1 ratio in the FTIR-ATR spectra. However, while the glass with x=0 only show the disruption of the phosphate chains at the surface of the particles (Fig. 6a) , the spectra of all Ag-containing glasses ( Fig. 6b-6d ) present a sharp increase in Q 1 units and appearance of new bands at 988 and 1030 cm −1 , after 673 h of immersion. The new bands have been attributed to the formation of a CaP layer at the surface of the glass particles [11] . As shown in Fig. 6e , with an increase in Ag 2 O the signal related to the CaP layer becomes stronger, as evidenced by the increasing intensity of the peaks at 988 and 1030 cm −1 . This might be attributed to the faster dissolution rate with increasing Ag 2 O, which leads to faster saturation of the solution toward the reactive layer formation. The layer forming at the surface was analyzed via EDS/SEM. While the layer could be sparsely seen at the surface of the undoped glass (x = 0) even after the longest immersion time, the glasses with x = 3 and 5 mol% showed clear sign of CaP precipitation (as shown by the arrow in Fig.7b and 7c ) already happening after 332 h of immersion.
As the dissolution rate increases with Ag 2 O, the layer thickness of the reactive layer was found to be thicker for the glass with higher Ag content. The EDS analysis confirmed that the layer was enriched in Ca and Sr, while Na was preferentially released in the solution. This is illustrated by the different ratios between the M I,II /P values obtained for the layer divided by those obtained for the core of the glass particles. These ratios are summarized in Table 4 . Furthermore, when comparing the EDS composition of all reactive layers, at the surface of all investigated glasses, a typical layer composition could be expressed as follow: 59±3%P, 24±4%Ca, 15±3%Sr, 1±1%Na, 0±1%Ag. Even more the layer was found of be free of Na and Ag. In addition, the average value of the (Ca+Sr)/P ratio for the layer is 0.7±0.1 and is higher than those of the parent glass (0.4). Based on this ratio, as well as the position of the new absorption bands appearing in the FTIR-ATR spectra one can assume that the layer forming is a Sr-substituted calcium-phosphate chemically close to the dibasic calcium phosphate, as seen previously [11] . Moreover, the layer composition was found to be independent of the Ag concentration. This can further explain the higher final level of Na in solution compared to the other ions. Ag appears to behave similarly as Na, i.e. it is not incorporated in the reactive layer and thus Ag is expected to leach out at a similar rate than Na. Such layer was found to promote the adhesion and proliferation of human gingival fibroblasts [12] . Furthermore, the controlled release of Ag as monovalent ions may be of interest for its antimicrobial properties.
Conclusion
The addition of Ag 2 O in a phosphate bioactive glass, with composition 0.5P 2 O 5 ·0.2CaO·0.2SrO·0.1Na 2 O, leads to a glass with shorter phosphate chains and higher number of terminal non bridging oxygen, as evidenced by the increase in Q 1 units and the shift of the optical band gap towards higher wavelength. Adding up to 3 mol% of Ag 2 O was also found to increase the processing window. Despite the decrease in the chain length, the decrease in network connectivity as evidenced by a progressive decrease in Tg when Ag 2 O increases, leads to a glass more prone to react in aqueous solution. The formation of a Sr-substituted calcium phosphate layer was found to occur sooner in the Ag-containing glass due to the increased dissolution rate. However the layer composition was found to be indepen-dent of the Ag content. Finally the Ag-containing glasses were found to dissolve in a congruent manner. Such materials could be employed for processing of implants with high surface area to volume ratio, with subsequent antimicrobial properties.
